The main objective of the present work was to determine the influence of the most important technological variables of CMTP (cyclical mechanic-thermal processing) on the strain hardening in the surface layers of steel parts. For this, it was designed a full factorial plan at two levels of five independent variables that include the whole processing in two and three cycles, the cold-forming degree and force during the plastic deformation (burnishing), and the temperature and time at the given temperature during the aging. Each cycle is composed of plastic deformation at room temperature plus aging. As dependent variables, the degree and penetration depth of strain hardening were evaluated. Based on the appropriately used set of experimental data, it had been fitted an exponential model for each dependent variables and also a two-degree polynomial fitting of in-depth evolution of microhardness profile was obtained. The amount of cycles and the cold-forming degree are the technological variables of CMTP that influence the most on strain hardening, although other variables also are significant. The microhardness profile highlights that during the CMTP, the strain hardening decreases from the outer bound to the transition zone of the surface layers, where it disappears.
Introduction


The CMTP (cyclical mechanic-thermal processing), according Gordienko's definition [1] , is a kind of substructural hardening that consists of submitting the parts to several combined cycles of cold plastic deformation and aging in order to obtain a set of high physic-mechanic indicators of quality in their surface layers. This means that, as results of the treatment in the surface layers of parts, a high level of strain hardening with a dislocation cell nanostructure is achieved, which keeps its stability until temperatures are close to the recrystallization temperature of given alloy. At applying the CMTP, an improvement of the mechanical properties and the performance takes place in the metals and their alloys, particularly in those with a BCC (body-centered cubic crystal) structure, as the AISI 1045 plain mid-carbon steel, used in the present research work.
The strain hardening is the effect of cold plastic deformation process within the surface layers of the metals and alloys, and it is associated with the presence, movement and interaction of dislocations, involving the dislocation density growth. The average distance between dislocations decreases and dislocations start blocking the motion of each other, and these phenomena become the metal harder and stronger.
Panwar et al. [2] also explained the role of the combination of cold work and subsequent aging through analysis of a microalloyed Cu-bearing HSLA (high-strength low alloy) steel; the mechanical properties had been studied at various stages of aging with and without prior cold work at different percent. M'Guil et al. [3] explained the strain hardening through models of observed true stress-true strain curves in the D DAVID PUBLISHING
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Processing on the Strain Hardening of Steel Parts 2 work hardening region after tensile tests; they modeled the large plastic deformation behavior and anisotropy evolution in cold rolled BCC steel. Before testing, the specimens are almost always prepared under different cold-forming degrees by means of:
(a) Rolling [4, 5] , these studies report the mechanical property and microstructure of cold rolled low and high carbon steel and its work-hardening behavior during the deformation process;
(b) Burnishing process [6] , the obtained results achieved by then show the enhancement in the surface roughness and magnification in surface hardness were achieved, because of application of roller burnishing in mild steel specimens; (c) High-pressure torsion at room temperature for up to 5 turns, were applied to low-carbon triple-alloyed steel specimens by Marulanda et al. [7] . Microhardness, scanning electron microscopy and X-ray diffraction were used to investigate the hardness and microstructural evolution of the steel. The results show a gradual evolution in both the hardness and the microstructure with increasing numbers of turns.
There are many ways to model strain hardening, each one of them has its own advantages and disadvantages. The strain hardening can be obtained through statistical dislocation density models, dislocation dynamics model and empirical models, as was showed by Prassad [8] in his Master's thesis.
That is precisely why in this work are proposed two new empirical models for establishing the influence of the technological rate of CMTP on strain hardening of steel parts.
Experimental Materials and Procedures
The Material under Study and Its Properties in Supply State
According to Standard Specification ASTM A 29/A 29M-04 [9] , several grades of plain and low-alloy mid-carbon steels were evaluated, and AISI 1045 steel was chosen, since it is the most economic grade, that allows to fulfill the objective of the present work.
From the employed bar to prepare the specimens, the chemical composition of studied steel was obtained, in %: C = 0.47, Mn = 0.70, Si = 0.21, P = 0.04, S = 0.03, Cr = 0.15 and Ni = 0.09.
Moreover, in supply state the following mechanical properties of the tested steel were determined: average hardness, HBS 185 (ASTM E 10-01a) [10] ; yield strength, σ y = 338 MPa; and the tensile (ultimate) strength, σ u = 620 MPa. The tensile specimens were prepared, following the Standard Test Method for Tension Testing of Metallic Materials [Metric] ASTM E 8M-04 [11] .
The specimens for the CMTP application, and later on the microhardness test, were machined to little thick-walled cylinders of 30 mm outer diameter, 20 mm inner diameter and 15 mm wideness.
Machines, Devices, Tools and Instruments
The macrohardness measuring of supply state material was done using the HB-3000B Manual Digital Display Brinell Hardness Tester/Metal Brinell Durometer.
The surface roughness was evaluated using the comparison method by means of the ZUZI model 173/2.
Mounted specimens for the microhardness measurement were ground in STRUERS Labopol-21 Machine, and lastly they were polished in the STRUERS Labopol-5 Machine.
The microhardness measurement had been developed in the metallographic microscope model SCHENK TREBEL, with a Vickers diamond pyramid indenter and its own devices for fixing the specimens.
A cutting disk for the STRUERS Labopol-5 Machine was used.
Both single point-brazed cutting tools P10 and P20 (ISO R513-1975E) [12] for the preliminary specimens sizing had been used.
For the drilling operation ware employed a 60 degree center drilling bit, M2 drill rods (10 and 18 mm
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A set of carborundum (SiC) emery paper (240, 320 and 600, according to ASTM E 3-01 [13] ) was employed for the specimens grinding, while for the polishing operations one used both diamond paste in sizes 6 μm and 1 μm.
Design and Run of Experiments
CMTP experiments were carried out on external surfaces of little thick-walled cylinders. In the experiments, the work pieces were burnished after turning on lathe, in the same set-up. While burnishing, the roller burnishing tool is fixed in its own coupled-dynamometer. That dynamometer is capable of measuring three force components. The zcomponent was taken as the burnishing force.
After each stage of burnishing, the specimens have been subjected to the aging for completing each cycle, that is, it is in order to organize the dislocation, forming sub-grains and sub-borders in all grains by means of cell fragmentation (Gordienko [1] ).
Independently of the applied variables' combination, the surface roughness were improved till R a = 0.32… 0.16 micrometers after burnishing process and remains at the same level after aging stage. It was not formed any oxide husk over the surface layer, inasmuch as the temperature never rose higher than 200 °C.
In order to reveal a clear picture of CMTP, a series of experiments were conducted on prepared specimens from selected AISI 1045 plain carbon steel. A full factorial orthogonal array had been chosen, for five factors at two-level, that required 32 (2 5 ) experiments (Table 1) .
Results and Discussion
During the cold processing of ductile alloys (as AISI 1045 steel in supply state), the strain hardening behavior, the degree and depth of strain hardening are reported mainly as result of plastic deformation, using different models and theories for its foundation, thus González et al. [14] established a connection between the coefficient of strain hardening, mechanical strength and admissible thickness tolerances in steel sheets, that it is an important contribution for materials testing. The empirical models are quite a bit used, and they describe the flow stress in terms of power laws as a function of strain with many empirical constants. One of the simplest approaches is the Hollomon equation which describes the flow stress as a simple power law in strain, it is applied in several recent works [15] ; even in these works the true stress-strain curve and its polynomial fit curve of a cold rolled low-carbon steel had been compared. The Hollomon equation is given as σ = Kε n H
(1) where, σ is the true stress, K is the coefficient of deformation strengthening, ε is the true strain and n H is the index of strain hardening.
The results of above mentioned research works and other with more complicated models depend of tensile test and they do not show any explicit physic-mechanic indicator of quality in the surface layers of tested material.
In the present work, an empirical model had been used, that evaluates the strain hardening, as the main physical-mechanical quality indicator in the surface layers of the AISI 1045 plain mid-carbon steel. Here both degree and penetration depth dependencies of the strain hardening on the main cold plastic deformation and aging variables were analyzed, after specimen were submitted to CMTP. Table 2 shows the experimental matrix and results, for both features of strain hardening: degree (N), and depth (h). The values of "N" and "h" were obtained after measuring the microhardness across the surface layers of specimens during each experiment and then using the following classic dependencies:
where, H max characterizes the achieved level of strain hardening that is the maximum value of microhardness in the outer edge of surface layer at its deformation zone, H o corresponds to the microhardness value at the transition zone of surface layer, and it is taken when the value of measured microhardness remains almost constant, independently from the increasing distance of indentation towards the specimen core (Fig. 1) .
As results of this study two empirical relationships among the input-main technological variables of the processing rate and output-two of the major physic-mechanic features of the strain hardening were fitted.
Once established the final fitted models, the influences of input (independent variables) on output (dependent variables) were analyzed.
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The greatest influence on the magnitude "N" is exhibited by the amount of cycles (A). In Table 2 , experimentally it is showed that at the low level (2 cycles) correspond the highest values of "N", this situation is consistent with the statistics depicted in Table 3 , where the estimated coefficient for variable "A" has a negative value, as well as in the Student distribution, whose absolute value is the highest (this means the most significant variable). In this sense, another significant detail is that its pValue is the lowest.
From the metallographycal point of view, this phenomenon is because of the difference between the added by the cycle maximal microhardness "H c " and the microhardness in the transition zone "H 0 " of the surface layers, consecutively decreases after each cycle due to the strengthening of material by dislocation mechanism.
The influence in the magnitude "N" of the cold-forming degree () and the force (F), one can explain as: the greater "" and "F" values, the greater the magnitude "N". An increase of the cold-forming degree and proportionally of the force during the plastic deformation process (burnishing), involves major amount of dislocation in the surface layers. According to the results of Xue et al. [16] , at the beginning of deformation, plastic deformation caused by applied force prompts out pouring dislocation movement along gliding plane and lead to the dislocation multiplication. It further makes the dislocation density bigger and bigger, the main and second slip system of the parallel dislocation interaction blocks the dislocation further moving, and so it produces remarkable strain hardening. Gordienko [1] showed that after aging, the blocked into grains dislocations and other defects clump together to form thousands sub-grains in each grain. These sub-grains achieve a cellular dislocation structure that raises the performance of machine parts during the CMTP.
The aging temperature "t" strongly influences on the magnitude "N", while greater is the value of temperature, lesser is the magnitude "N", as it is showed in Table 2 . At the same time, this statement can be corroborated in Table 3 , where the estimated coefficient for variable "t" has sign "-" and correspondingly the value of tStat exhibits the same sign; moreover, the pValue of variable "t" is the third lowest of the whole model. The aging time "" is the variable that less influences in the magnitude "N". Although in lesser degree, the aging time experimentally and statistically follows the behavior of aging temperature, with regard to dependent variable "N".
The greater values of aging temperature and time benefit the recovery process inside the surface layers which, in turn, mean that the degree of strain hardening decreases by lowering the levels of microhardness in the surface layers. Tables 2 and 4 , as well as Eq. (5), it is possible to realize that the greater values of every independent variables generate the greater values of dependent variable "h". Here, as in the case mentioned above, the amount of cycles (here with sign "+") and the cold-deformation degree have the greatest influence on the dependent variable "h"; but in this case, it is different the ranking for the other variables, since in descending hierarchical order go on the force, the time and the temperature. Note that between the time and temperature just a slight difference of values.
Penetration Depth of Strain
In the case of penetration depth of strain hardening, at increasing the amount of cycles also are increased the progressive effect of cold-forming degree and of applied force after each cycle [17] ; this leads to greater enlargement of the deformation zone of the surface layers towards the specimen core.
The greater values of aging time and temperature, in spite of benefiting the recorvery process, moreover, they enhance the diffusion and self-diffusion processes inside the surface layers, therfore, they also contribute to increase the penetration depth of strain hardening.
In-depth Evolution of Microhardness Profile
It is usual, in many research works within the fields of materials science and engineering, to establish several dependencies that involve the microhardness as the starting point for the studies of strain hardening through its level, degree and penetration depth. These studies cover the most varied materials and treatments applied during the manufacturing processes of machine parts: Alfonso [18], for quenched and tempered steel; Nobre et al [19] proposed methodology for estimating the local yield stress in work-hardened surface layers; Marulanda et al. showed that full homogeneity of the microstructure across the tested steel disks, and therefore of the microhardness requires to apply pressures higher than 6.0 GPa. In-depth evolution of microhardness profile is presented in those works. Fig. 1 depicts the in-depth evolution of microhardness profile along the processed surface layers, from their outer bound of deformation zone to the transition zone, with prediction bounds (Pred bnds) of 95%. The value of microhardness, decreases continuously from the outer surface, where its maximum value "H max " is found, to the interior of material to its basic value "H o ", further this value remains practically constant, which means that transition zone is not affected by the strain hardening.
In Fig. 1 , the microhardness is given in Megapascal (MPa), and the depth of strain hardening (DepthSH) is given in millimeters (mm). 
Conclusions
Once finished this research, it was possible to reach the following conclusions:
(1) The CMTP increases, strengthens and stabilizes the strain hardening in the surface layers of steel parts at raising their main physic-mechanic indicators of quality.
(2) Both obtained models for degree and penetration depth of strain hardening allow to predict these two physic-mechanic quality indicator of the surface layers through the applied technologycal rate of CMTP.
(3) There are many empirical models for steel machining, cold and heat forming, but the CMTP of steel are not sufficiently investigated through empirical models.
(4) Empirical models can be used in order to have a sense of how CMTP parameters influence on the main characteristics of the strain hardening, saving time and resources during the research works.
(5) The microhardness profile highlights that during the CMTP the strain hardening decreases from the outer bound to the transition zone of the surface layers, where it disappears.
